Ordered metal coordinated peptide nano-arrays having redox protein, nitrate reductase (NR), on the surface were prepared on mixed self-assembled monolayers containing photo-responsive electron donors, ferrocenyl groups. The amino acid sequence of the peptide was chosen as Leu 2 Ala(4-Pyri)Leu 6 Ala(4-Pyri)Leu 6 . The complexation between metal and Pyridyl groups of the peptide induced the stable and vertically oriented a-helical bundle structure, whose macro-dipole moment was arranged unidirectionally on the surface. The non-linear effect of electron flow through the metal coordinated nano-array was observed along the peptide macro-dipole moment coupled with metal-(4-Pyri) complexes. Upon photo-excitation of ferrocenyl groups on the surface, vectorial electron flow occurred from the excited ferrocenyl groups to the redox protein, NR, at the terminal through the metal coordinated peptide bundle. The activated NR on the surface reduced the NO 3 -. The system may be useful for the novel molecular devices, such as nano-reactors.
INTRODUCTION
Effective mass conversion is an important process in many biological systems. For example, in the photosynthesis center, reactions were started from the absorption of light. The energy of the absorbed light is used to transfer electrons coupling the movement of protons across the membrane. NADPH and ATP were generated by this process, and they provide the energy to drive the synthesis system of six-carbon sugars [1] . This process is closely related to the vectorial electron transfer through membrane [2, 3] . Recently, in order to mimic such biological information and/or energy transduction systems, fabrication of effective vectorial electron transfer systems were well studied. With the aim of a unidirectional electron transfer, we focused on the formation of vertically and unidirectionally oriented a-helical peptide assembly because of its optical characteristic and large macro-dipole moment along its molecular axis. A great number of studies on the fabrication of vertically oriented α-helical peptide assemblies on substrates have been reported. In particular, the functions of the peptide nano-array prepared by self-assembled monolayer (SAM) method have been widely investigated [4] [5] [6] [7] [8] . For example, Kimura et al. reported that the unidirectional electron transfer through the peptide nano-arrays, which were fabricated by the SAM method. On the other hand, Higashi et al. reported that in the peptide SAMs, the antiparallel a-helical packing was significantly preferable to a parallel one because of the dipole-dipole interaction between the a-helices.
In this paper, so as to orient the macro-dipole moment of a-helical peptide unidirectionally, we fabricated the peptide nano-array on a gold electrode by the stepwise polymerization [9, 10] . We also utilized the metal coordination to obtain the stable a-helical peptide bundle. Concretely, the amino acid sequence of peptide was chosen as Leu 2 Ala(4-Pyri)Leu 6 Ala(4-Pyri)Leu 6 (Scheme 1), because its two 4-Pyri groups of Ala moieties were located in the same direction of one side surface of the a-helical rod to form a stable a-helical peptide bundle by the metal coordination. Furthermore, 4-Pyri groups could be formed the stable geometry of the metal coordination, because the nitrogen is located at the para position in the pyridyl group. We prepared peptide SAM composed of the same sequential metal-coordinated peptide having thioctic acid at the N-terminal for comparison of its structure and function. Here, we reported the structures and electrochemical properties of the peptide nano-arrays, which were fabricated by stepwise polymerization and SAM method on the surface. The metal coordinated peptide nano-array, which was fabricated by stepwise polymerization on the surface formed the stable a-helical bundle owing to the metal coordination, aligned unidirectionally and nearly perpendicularly to the surface. The metal coordinated peptide nano-array showed a non-linear electron flow along the macro-dipole moment of a-helical rod. We attempted that the vectorial electron flow was utilized to activity control of redox proteins to fabricate nano-chemical reactors. We fabricated the metal coordinated peptide nano-array having nitrate reductase (NR) at the surface as an electron acceptor on the mixed self-assembled monolayer containing photo-responsive electron donor, ferrocenyl group. The photo-induced vectorial electron flow through the peptide nano-array from the excited ferrocenyl groups to the NRs, regulate the activity of NR successfully. We believed it would be useful for the novel nano-devices, such as nano-chemical reactors. [11] . A gold-deposited glass plate (13 mm × 20 mm, Nippon Laser & Electronics Lab.) was used for electrode. Thickness of gold layer was 50 nm. The electrode surface was cleaned by UV-ozone treatment in advance and used for the substrate of peptide assemblies fabricated by stepwise polymerization and SAM method.
Preparation of Peptide Nano-Array by the SAM Method
The gold electrodes were immersed in a 0.1 mM N,N-dimethylformamide ( DMF ) solution of L 14 A 2 containing cobalt (II) acetate for 24 hours. The molar ratio of metal to Ala(4-Pyri) resides was fixed to 0.6. After the electrodes were rinsed with pure DMF several times, the electrodes functionalized with the metal coordinated L 14 A 2 monolayers (L 14 A 2 Co SAM) were dried in vacuum. Furthermore, the metal free L 14 A 2 monolayers fixed on the electrode was prepared in a manner similar to the above (L 14 A 2 SAM).
Fabrication of Peptide Nano-Array by the Stepwise Polymerization on the Electrodes
Before the stepwise polymerization of amino acids on the electrode, the surface of the electrode was modified. A mixed self-assembled monolayer consisting of 11-amino-1-undecanthiol (C11N), n-butyl disulfide (C4) and 1-ferrocenyl-6-hexanthiol (C6Fc) on the electrode was prepared by immersing the electrode in a 0.1 mM ethanol solution containing C11N, C4 and C6Fc for 24 hours. The molar ratio of C11N, C4 and C6Fc was 1:4:1. Furthermore, a mixed self-assembled monolayer containing C11N and C4 was prepared in a manner similar to the above. The molar ratio of C11N and C4 was 1:4.5. After the mixed self-assembled monolayers rinsed with ethanol several times, L 14 [10] . The complexation between the Pyri groups of the Ala(4-Pyri) moieties and Co (II) was occurred after the coupling reaction of Fmoc-Ala(4-Pyri). After the reactions, the electrodes having peptide nano-arrays were dried in vacuum, and employed for measurement. The introduction of redox protein, nitrate reductase (cytochrome kind, E. C. 1.9.6.1, from Escherichia coli) (NR), at the N-terminal of the metal coordinated peptide nano-array, which was fabricated by stepwise polymerization on C11N/C4/C6Fc self-assembled monolayer (Fc-L 14 A 2 Co SP-NR) was carried out as followed. NR was dissolved in 0.15 M KCl aqueous solution (0.005 unit/mL) containing 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride (WSC) and 1-hydroxybenzotriazole (HOBt). The concentration of WSE and HOBt were both 10 mM and the pH of this mixed solution was adjusted to 7.3. The electrode was soaked in the activated NR solution for 36 hours to fix the NR on the nano-array surface. After the conjugation, the electrode was rinsed by 0.15 M KCl aqueous solution at pH 7.3..
Spectroscopic Measurements
The Fourier Transform Infrared Reflection-absorption Spectra (FTIR-RAS) of the peptide nano-arrays on the electrodes were recorded on a Perkin Elmer Spectrum 2000 equipped with a PIKE 80Spec reflection accessory. Incident angle was set at 80Ÿ. The number of interferogram accumulations was 500. Dry nitrogen gas was blow in throughout this measurement. The 1900~1300 cm -1 regions of spectra were analyzed as a sum of Gaussian/Lorentzian (9:1) composition of individual bands.
Electrochemical Measurements
Electrochemical measurements of the peptide nano-array on the electrodes were performed at room temperature using a potentiostat (Niko Keisoku Co. Ltd., NPGA-2501) and functional generator (Niko Keisoku Co. Ltd., NPGA-2501). A conventional three-electrode setup was used with the peptide assembly fixed gold electrode as a working electrode, Ag/AgCl as a reference electrode, and a platinum wire as a counter electrode in the teflou cell, respectively. The electric potential was measured with respect to the reference electrode. The supporting electrolyte was 0.1 M KCl aqueous solution. The area of working electrode exposed to the electrolyte solution was as 1.13 cm 2 . Photo-induced vectorial electron transfer through Fc-L 14 A 2 Co SP and Fc-L 14 A 2 Co SP-NR was investigated by using the three-electrode setup described above. The supporting electrolyte was KNO 3 aqueous solution (0.1 M) as a substrate for NR protein.
Photo-irradiation to the peptide nano-array was performed with a 500-W Xe lamp (SANEI Denki Co. Ltd., XEF-501s) using a fiber bundle array.
RESULT AND DISCUSS 3.1 Structure of Metal Coordinated Peptide Nano-Arrays
Firstly, we confirmed the formation of the complexation between the Co and 4-Pyri resides in peptide nano-array by cyclic voltammetry (CV) measurement in KCl aqueous solution. Fig. 1a) shows the CV of Co coordinated peptide nano-array prepared by stepwise polymerization on a C11N/C4 mixed SAM. The CVs of Co free (Fig. 1b) ) and Co coordinated (Fig.  1c) ) peptide nano-arrays prepared by SAM method were also shown in this figure. Although there was no clear redox peak was saw in the Co free L 14 A 2 SAM (Fig. 1b) ), reversible redox peaks of Co oxidation were observed at the formal potential of 0.18~0.25 V in the CVs of Co coordinated nano-arrays (Fig. 1a) and c) ). This suggested that Co complex was formed in the nano-arrays. The secondary structure and molecular orientation of peptide on the Au electrode were studied by FTIR-RAS. The spectra are shown in Fig. 2 . The observed FTIR-RAS spectra revealed amide I and amide II bands with the a-helical conformation at 1654 and 1545 cm -1 . In the spectra, absorption bands, which were assigned to the b-sheet (1628 and 1518 cm -1 ) and random coil conformation (1679 and 1535 cm -1 ) were observed [12, 13] . The ratio of integrated peak intensities assigned to individual secondary structures, which were obtained by peak deconvolution of the amide I band, gave the percentage of conformations of the peptide, respectively. The results of the conformational analysis of the peptide nano-arrays were summarized in Table I . The Co free (Fig.2a) ) and Co coordinated (Fig. 2b) ) peptide nano-arrays which were prepared by SAM method mainly took a-helical conformation. The helicity of the Co free peptide nano-array prepared by the stepwise polymerization on a C11N/C4 mixed SAM (L 14 A 2 SP, Fig. 2c) ) was 46%. On the other hand, the a-helical conformation of peptide nano-array, L 14 A 2 Co SP, (Fig.  2d) ) was increased by complexation between Co and 4-Pyri resides. The orientation of the a-helical rods in the nano-arrays was determined by the FTIR-RAS. The tilt angles of the a-helical axis of the peptide from the surface normal were estimated from the ratio of the intensities of amide I (A I ) to amide II (A II ) absorption bands, which were assigned to a-helical conformation, D=A I /A II [14] (Table I ). The tilt angles of Co coordinated a-helical rods which were prepared by SAM method (L 14 A 2 Co SAM) and stepwise polymerization (L 14 A 2 Co SP) were lower that that of Co free a-helical rods (L 14 A 2 SAM and L 14 A 2 SP). This implied that the Co coordinated a-helical rods aligned nearly perpendicular to the surface. These results suggested that the complexation between the Co and 4-Pyri resides of the peptides (Scheme 1.) formed the stable a-helical bundles and induced the vertically orientation of the helical bundles to the surface. 
Electrochemical Properties
We demonstrated the electron flow through the oriented metal coordinated peptide nano-arrays, which were prepared by both SAM method and stepwise polymerization. A conventional three-electrode setup was used, and the electrochemical measurements of them were performed in a KCl aqueous solution (0.1 M). Fig. 3 showed the current (I)-voltage (V) plots for L 14 A 2 Co SAM (circle) and L 14 A 2 Co SP (square). The shape of the I-V plot of L 14 A 2 Co SP was clearly distinct from that of L 14 A 2 Co SAM. In the case of L 14 A 2 Co SAM, which was prepared by SAM method, the current increase was observed in any event at positive and negative potentials, respectively. On the other hand, the significant current increase was only observed at negative potentials for L 14 A 2 Co SP, and the values were larger than that of L 14 A 2 Co SAM. This distortion of the I-V plots could be explained as the directional distinction of the macro-dipole moments of the a-helical rods, which were prepared by the different methods. In the case of the L 14 A 2 Co SAM, the peptide L 14 A 2 was fixed on the gold electrode with the Au-S bonding by the thioctic acid at the N-terminal. However, the antiparallel a-helical packing was significantly preferable to the parallel one owing to the dipole-dipole interaction between the a-helical rods. So that, the parallel (N-terminals fixed on Au surface, and C-terminals faced to aqueous phase) and antiparallel a-helical rods were present as a mixture in the L 14 A 2 Co SAM. On the other hand, the L 14 A 2 Co SP, which was prepared by the stepwise polymerization, the all C-terminals of the peptides were fixed on the electrode surface, because the -NH 2 groups on the surface were used to the initiators of the polymerization. The unidirectional arrangement of the macro-dipole moment of the a-helical rods in the L 14 A 2 Co SP resulted in the non-liner effect for the I-V behavior that observed significant current increase at only negative potentials. This implied that the effective non-liner electron flow along the a-helical peptide macro-dipole moment [8] could be achieved by the formation of the vertical and unidirectional peptide arrangement in L 14 A 2 Co SP prepared by the stepwise polymerization. 3.3 Activity Control of Redox Protein by the Photo-induced Vectorial Electron Flow through the Peptide Nano-arrays We attempted the activity control of the redox protein by the effective vertical electron flow through the peptide nano-array. Nitrate reductase (NR) conjugated photo-responsive Co coordinated peptide nano-array was prepared by stepwise polymerization on the electrode, which had electron donor, ferrocenyl group (Fc-L 14 A 2 Co SP-NR). For comparison, the NR free photo-responsive Co coordinated peptide nano-array, Fc-L 14 A 2 Co SP, was also prepared by the same method. The helicity and tilt angle for Fc-L 14 A 2 Co SP were estimated to be 66% and 37° from the FTIR-RAS measurement, respectively. The activation of the surface NR was estimated by the photo-induced electron flow through the Co coordinated peptide nano-array from the photo-excited ferrocenyl group on the electrode to the surface NR. The supporting electrolyte was KNO 3 aqueous solution (0.1 M) as a substrate for NR. The measured photocurrents generated by photo-irradiation of Fc-L 14 A 2 Co SP-NR and Fc-L 14 A 2 Co SP were shown in Fig. 4 with the repeating on-off switching of the photo-irradiation. In both Fc-L 14 A 2 Co SP-NR and Fc-L 14 A 2 Co SP, remarkable photocurrents were observed. However, the photo currents of Fc-L 14 A 2 Co SP-NR were larger than that of Fc-L 14 A 2 Co SP. The generation of photocurrents could be explained as the electron flow from the electrode surface to aqueous phase. The photo-responsive electron donor, ferrocenyl group, in the mixed SAM on the electrode was excited by photo-irradiation. The electron was flow to array surface through the vertical and unidirectional arranged metal coordinated peptide nano-array. The electron flow through the Co coordinated peptide nano-array activated the surface NR, and the activated NR reduced the NO 3 - to NO 2 -in the aqueous phase. This is to say, the surface NR received the electron, which flowed through the nano-array unidirectionally, reduced the substrate, and generate the large photo-current. 
CONCLUSIONS
In summary, the redox-protein conjugated photo-responsive nano-array composed of ordered metal coordinated peptide assembly was fabricated on a gold electrode. We demonstrated that vectorial and unidirectional electron flow through the peptide nano-array. The electron flow was accelerated by macro-dipole moment of the peptide coupled 4-Pyri-Co complexes in the nano-arrays. The unidirectional electron flow regulated the activity of surface redox protein. We considered this system may be useful for the novel molecular nano-devices.
